Abstract-Using coupled mode theory, we have studied the output intensity profile of Cerenkov second-harmonic radiation from planar waveguides as a function of the propagation distance. In particular, we have obtained the variation of the intensity profile taking into account the effect of prism coupling as well as propagation loss, and have shown that the second-harmonic radiation evolves into a beam-like output. Results of the measured intensity profile of the second-harmonic radiation in protonexchanged planar waveguides in Z-cut LiNbO 3 are also presented that are consistent with the theory.
beam shape and the intensity profile of the second-harmonic radiation, since this defines the coupling mechanism to be employed to efficiently collect/utilize the radiation.
In this paper, we have used coupled-mode theory [3] , [4] to study the evolution of the output intensity profile of the second-harmonic radiation in the Cerenkov configuration as a function of propagation distance in planar waveguides. In particular, we have shown that in practical waveguides having finite propagation loss, the intensity profile shows significant difference as comapred to that in the case of lossless propagation. Our results for the intensity profile in the case of lossless propagation are consistent with the results of BPM calculations [7] . These results are also in agreement with the numerical simulation results of Hayata et al. [8] .
To verify our theoretical model, we have also measured the intensity profile of the second-harmonic for various lengths of interaction in proton-exchanged planar waveguides in Zcut LiNbO3. In the experimental set up, we have used a prism coupling arrangement to couple the pump beam into the waveguides. In the prism-film coupler, the coupling is nonuniform and takes place over a finite length, which is equal to the width of the incident beam [9] . For a comparison of the theroretical and the measured profiles in this case, we have also estimated the intensity profile of the second-harmonic by taking into account the input coupling at the base of the prism. With the combined effects of loss and prism coupling, the second-harmonic radiation evolves into a beam-like output having a near symmetric intensity profile. Results based on the simple theoretical calculations agree very well with the experimental measurements.
II. THEORY Fig. 1 shows the waveguide configuration for Cerenkov SHG. The waveguide is assumed to support a single guided TM mode at the pump frequency w. The pump wave generates a nonlinear polarisation at 2o>, which then radiates energy into the continuum of radiation modes of the waveguide, automatically satisfying the phase matching condition: (i(2uj) = 2/3(w), where /3 is the propagation constant. The total second-harmonic field at a particular value of z (i.e., propagation distance) is a superposition of radiation modes with propagation constants around the phase matching value 2/3(u}). 
Using (10) and (6) in (1), we get
where H y is the total magnetic field at 2w, and is expressed as [4] (2)
where b 2 is the ^-dependent amplitude coefficient of a radiation mode having propagation constant fa, and H y2 is the field of the radiation mode; the asterisk on H y in (1) refers to the complex conjugate.
In the notation of various parameters in this paper, the subscript 1 (or 2) refers to fundamental (or second-harmonic) wavelength, subscript / (or 5) implies film (or substrate), and subscript o (or e) corresponds to the ordinary (or extraordinary) waves.
A. Evaluation of S^ "' (x)
To obtain an expression for b 2 , we follow a coupled mode approach similar to that reported in [4] and get 62092, z) = sine The above expression gives the ^-component of the secondharmonic Poynting vector as a function of the transverse coordinate x, i.e., the intensity profile of the second-harmonic radiation, in terms of various waveguide, parameters.
B. Effect of Propagation Loss on SI w (x)
In Section II-A, we had assumed that the power p( w ) in the guided mode is independent of the propagation distance z, i.e., we had neglected "pump depletion." However, practical waveguides having relatively large difference between the refractive indices of the guiding film and the substrate, such as proton exchanged waveguides in LiNbO 3 , may exhibit several dB loss per centimeter length of the waveguide. In this case, even though the pump depletion due to conversion into secondharmonic is small, it is very important to consider the effect of propagation loss. We assume ^the loss of the fundamental mode (at w) to be of the form (12) where a is the attenuation coefficient. In this case, following the analysis given in [4] , we get
where 1^33 is the relevant nonlinear coefficient. Substituting for b 2 from (3) in (2), Hf^' can be written as
with -ze
Substituting for b 2 from (13) in (2) and using (10), we get 
with .
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H y2 { (3 2) x) in both cases above (i.e., lossless and lossy wave guides) represents the radiation mode field for a given value of {$<L, the expressions for these are well-known [5] , [6] , and are given in the Appendix. Using these expressions, the integrals for ao, a, bo, and b can be evaluated.
III. NUMERICAL RESULTS AND DISCUSSION
We consider a step index proton-exchanged LiNbC>3 planar waveguide with the following values of the various parameters:
Fig . 2 shows the variation of the intensity of the secondharmonic as a function of the transverse coordinate x at interaction lengths z = 2, 5, and 8 mm, assuming no loss of the fundamental mode power (i.e., a = 0). The peak at the extreme right in the intensity profile corresponds to the Cerenkov angle, which is given by 9 = tan" 1 (^-f-), and is the same for all values of z; x p is the ^-coordinate corresponding to the peak. It can be seen that for angles greater than the Cerenkov angle, there is no second-harmonic in the substrate; this is because of the destructive interference of the radiation mode fields in that region. This behavior is also consistent with the ray picture (see Fig. 1 ). The intensity profiles shown in Fig. 2 match well with those generated using the beam propagation method [7] . Since the amplitude coefficient of the second-harmonic is sharply peaked about (3 2 -2/?i [due to the "sine" function, cf. (3)], the integrals for a 0 , a, b 0 , and 6 are evaluated in the range 2/?i ± 10 • f. These integrals were numerically evaluated using standard subroutines on a computer; no appreciable change in the values of the integrals were observed by increasing the range of integration. Fig. 3 (a) and (b) show the intensity profiles of the secondharmonic at different values of z for propagation losses of 1 and 10 dB/cm, respectively, in the same waveguide. As can be seen from the graphs, in the presence of a finite propagation loss, the intensity profile of the second-harmonic radiation is affected significantly. In a lossy waveguide, due to attenuation of the fundamental wave, the conversion efficiency per unit length decreases with z. This results in a finite-size beamlike shape of the intensity profile (i.e., spatially limited in the transverse dimensions), which is unlike in the case of lossless propagation where the second-harmonic comes out as a linesource. A schematic representation of the evolution of the second-harmonic intensity profile with propagation is shown in Fig. 4 .
IV. MEASUREMENT OF THE INTENSITY PROFILE
To measure the intensity profile of the second-harmonic output, we fabricated proton-exchanged planar waveguides in Z-cut LiNbC>3 using benzoic acid melt. Results presented in the following correspond to a waveguide fabricated with an exchange time of 23 min at 240 °C. The waveguide was characterized by measuring the effective indices of the guided modes in a prism coupling arrangement. The waveguide supported a single TM mode at 1.064 /jm and two modes at 0.543 /xm. The waveguide ends were lapped and polished to enable measurements on Cerenkov radiation. A schematic of the experimental arrangement to measure the second-harmonic intensity profile is shown in Fig. 5 . Pulsed output from a Q- switched Nd-YAG laser (A = 1.064 /txm) is coupled into the waveguide using a prism coupling arrangement. The intensity profile of the second-harmonic at the edge of the substrate was scanned with a single mode fiber (core diameter ~6 /um), and the output of the fiber was fed to a detector through a filter. The output beam was scanned along the vertical direction, which was at about 26° with the (transverse) a;-axis of the waveguide [this fact was taken into account in comparing the measured intensity profile with the calculated profile by changing the x scale by a factor l/(cos 26°)]. The measurements were carried out for "interaction lengths" (l 2 ) of -1.0, 0.0, 0.8, 1.6, and 2.0 mm, respectively. The negative length refers to the case when the end of the prism lies beyond the end of the waveguide (see Fig. 5 ). Because of the finite width of the input beam, there is already second-harmonic generated in the waveguidelength behind the edge of the prism [4] . The actual interaction length is approximately the distance measured from the edge of prism (i.e., l 2 ) plus h, which is the input beam-width at the base of the prism. Fig. 6 shows a typical measured intensity profile of the second-harmonic for 1% = 1.6 mm, and Table I shows the measured full widths at half maxima of the intensity profiles for different values of l 2 . From the table, we see that the beam width at the output end of the waveguide increases with the length of interaction, as expected. We may recall, however, that the intensity profile obtained in Section II exhibited a sharp fall at the transverse coordinate corresponding to the Cerenkov angle, whereas the measured intensity profile exhibits much reduced asymmetry. We shall show in the next section that this difference is due to the combined effects of the waveguide loss and the prism-coupling arrangement used for pump beam coupling into the waveguide. The input beam at the base of the prism (and hence the energy distribution) is nearly Gaussian, and coupling takes place over a length l\, which is of the order of a millimeter; whereas in the theory we had assumed that the input power P o is coupled at z = 0 (which corresponds to the case of end fire coupling). Consequently, the peak in the intensity profile shifts towards the waveguide interface resulting in a near-symmetric profile. Fig. 7 show the photographs of the intensity distribution for l 2 = 1-0, 2.0, and 4.0 mm, taken at a distance of 80 cm from the waveguide end. One can clearly see that as the length of interaction increases the beam width in the far-field decreases; this should be expected because with the increase in length of interaction, the beam at the exit face of the substrate broadens, and a broader beam diffracts to a smaller extent with propagation. We can also notice the secondary lobes of diffraction for the case shown in Fig. 7(c) which corresponds to the largest interaction length. The diffraction pattern resembles that of a single slit, indicating that the radiation is in the form of a well confined beam. Fig. 8 shows the measured intensity profile corresponding to Fig. 7(a) at the same distance of 80 cm. The corresponding FWHM is 3.03 mm. The measurement was carried out by a pinhole-masked large-area PIN detector, which was mounted on a motorized scanner. The output of the detector was directly connected to an X-Y plotter. The intensity profile appears nearly symmetric and is almost similar in shape to the intensity profile measured at the waveguide end (see Fig. 6 ). We may mention here that the field distribution of the second-harmonic at the exit end of the waveguide, which is a superposition of the radiation modes, is already in the "far-field region." Hence, even at a distance of 80 cm away from the waveguide-end, the shape of the intensity profile is expected to be similar. Indeed, we have actually verified this by taking the Fourier transform of the calculated intensity profile at the exit end of the waveguide.
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V. EFFECT OF PRISM COUPLING ARRANGEMENT AND PROPAGATION LOSS ON THE INTENSITY PROFILE OF THE SECOND-HARMONIC
In the discussions in Sections II-A and B, the entire fundamental mode power pM was assumed to be coupled at z = 0. This situation corresponds to the case of end fire coupling. On the other hand, in a prism-film coupler the input wave energy is coupled into the film over a certain propagation distance h (under the prism base) depending on the input beam width, and the energy confined to the film propagates beyond z = h (see Fig. 5 ) with certain propagation loss. Thus, the power in the fundamental mode P u (z) increases in the region 0 < z < 11 and then decays exponentially (due to propagation loss) beyond z = l\. In this section, making a few simplifying assumptions, we derive an expression for Si u ' taking into account the nonuniform coupling at the base of the prism.
The dependence of coupled power on the propagation distance z (under the prism), in a prism-film coupler arrangement, was obtained by Tien [9] in the form
where ai is a parameter specifying the coupling strength. Since the behavior of the functions (1 -e~x) 2 /x and (1 -e~x) are approximately same, for mathematical simplicity, we assume that the variation of the coupled power upto the edge of the prism is given by P"(z) = where a is the attenuation coefficient of the fundamental mode. For optimum input coupling, it can be shown that (ai + a)l\ = 1.25 [9] . Hence, when the coupling is maximized experimentally, we may assume that (ai + a)li = 1.25. Substituting for P u '{z) from (23) and again following coupled mode theory, we obtain the second-harmonic amplitude coefficient as
where C = -^r^-d and C" = CP'. The Poynting vector in this case is given as f J 2 , z)H y2 (f3 2 , x)e~( 25) which can be evaluated numerically. Thus, (25) would give the intensity profile of the second-harmonic at any z when the pump beam is coupled into the waveguide using a prism coupling arrangement. Fig. 9 shows the second-harmonic intensity profile with the combined effect of the prism coupling arrangement and propagation loss. One can notice the slow drop in the power for x > x p (x p refers to the peak position corresponding to the Cerenov angle) as compared to the corresponding plots in Fig. 3(a) and (b). As discussed above, this is due to the finite propagation distance over which energy couples into the waveguide in a prism-coupling arrangement. The combined effect of loss and prism coupling arrangement could result in a nearly symmetric beam shape. Fig. 10 shows the best-fitting calculated intensity profile along with the measured values for an interaction length h = 1.6 mm (cf. Fig. 5 ). The theoretical fitting was done by choosing suitable values of the parameters a and l-y; in this case a was found to be 35 dB/cm and l x = 0.7 mm. -As can be seen from the figure, the fitting is very good except for a slight mismatch near the surface of the waveguide (x m 0). Similar fitting was also achieved for other interaction lengths. The mismatch near x x 0 could be because of rounding off of the waveguide end near the surface during the endpolishing process, which has smoothened the measured profile. We may mention here that the loss figure obtained by fitting is relatively high, which may be due to the fact that we were using unannealed waveguides, and without dilute melt proton exchange. Also, due to coupling of Q-switched Nd:YAG laser light, the waveguides were seen to undergo photorefractive damage. This was also supported by the fact that no visible streak (due to scattered light) corresponding to guided modes appeared on the surface of the waveguide when light from a He-Ne laser was coupled into the waveguides after observing SHG using the Nd:YAG laser, whereas good streaks were visible before coupling light from the Nd: YAG laser. This is being investigated separately.
VI. CONCLUSION
We have studied the evolution of the output intensity profile of the second-harmonic radiation in the Cerenkov configuration as a function of the propagation distance in planar waveguides. Using coupled mode theory, we have derived an expression for second-harmonic intensity as a function of the transverse waveguide coordinate and the propagation distance. We have obtained the intensity profile taking into account the effect of prism coupling as well as loss, and have shown that the second-harmonic radiation evolves into a confined beamlike output, unlike in the case of lossless propagation. We have also presented results of the measured intensity profile of the second-harmonic radiation corresponding to proton-exchanged LiNbO 3 waveguides, which are consistent with the theoretical calculations.
APPENDIX
The expressions for the TM radiation modes are given by [5] ' 
